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Introduction {#sec1}
============

The axon initial segment (AIS) is a specialized ∼30-μm long proximal axon that contains ∼30- to 50-fold higher density of voltage-gated sodium channels (Na~v~) than the soma and dendrites ([@bib16]). Owing to its unique property, the AIS is pivotal for generating an action potential in response to the integration of synaptic inputs under physiological conditions. Within the AIS subdomain, the cytoskeletal proteins including Ankyrin G (AnkG) and βIV-spectrin, together with neurofascin (Nfasc) and neuronal cell adhesion molecule (NrCAM), assemble Na~v~ and voltage-gated potassium channels (K~v~) to build an exquisite hierarchical structure. AnkG serves as an AIS master organizer to recruit Na~v~ to the AIS during development and then βIV-spectrin tethers the AnkG-Na~v~ complex to the axonal actin. In contrast, Nfasc is not required for AIS assembly and does not directly interact with channel-forming α subunits of Na~v.~ Instead, Nfasc stabilizes the AIS by directly interacting with the extracellular matrix ([@bib11], [@bib23], [@bib36]). It is interesting to know whether Nfasc is capable of stabilizing Na~v~ at the AIS in the absence of AnkG under pathological conditions.

The AIS is very vulnerable to damage under pathophysiological conditions. For example, the AIS cytoskeleton is rapidly disrupted prior to cell death following medial cerebral artery occlusion (MCAO) in the peri-infarct and infarction core regions of the rodent brain ([@bib12], [@bib25]). Inhibition of calpain only attenuates disruption of the AIS cytoskeleton in response to injury *in vitro* and *in vivo*, implicating that the AIS cytoskeletal proteins are proteolyzed partially through activation of the Ca^2+^-dependent calpain. However, inhibition of calcineurin with FK506 efficiently protects against cell deaths induced by ischemia in a mouse model of MCAO ([@bib27]). Moreover, blockade of calcineurin prevents activity-dependent AIS plasticity in cultured hippocampal neurons ([@bib10]). These raise the question as to whether calcineurin is involved in regulating rapid AIS disruption under pathological conditions.

In the present study, we investigated the peri-infarct regions because axonal sprouting and synaptic reorganization in these regions are essential for recovery of human patients from neurological injury ([@bib19], [@bib31]). Given the critical role of the AIS in synaptic transmission, protection of the AIS in these regions after injury might be the first step to be considered for patient recovery. We thus began to compare the susceptibilities of the peri-infarct regions to ischemia using a commonly employed animal model of stroke MCAO that represents focal brain ischemia in human patients. We found that the AIS cytoskeleton was completely disrupted after 2 h of MCAO in hippocampal CA1 pyramidal neurons but not in the somatosensory cortex or striatum. In contrast, Nfasc and Na~v~1.6 were yet retained at the AIS after 4--6 h of MCAO. Genetic ablation of Nfasc promoted disruption of Na~v~1.6 at the AIS following injury, suggesting a critical role of Nfasc in the retention of Na~v~1.6 under pathophysiological conditions. Importantly, administration of a calcineurin inhibitor FK506 immediately after MCAO surgery completely prevented AnkG disruption, and impairments of AP generation, AP-dependent synaptic transmission, and spatial learning and memory resulting from ischemic injury.

Results {#sec2}
=======

The Hippocampal AIS Cytoskeleton Is Preferentially Susceptible to Injury {#sec2.1}
------------------------------------------------------------------------

To determine the vulnerability of the AIS to injury in different peri-infarct brain regions, mice were subjected to MCAO for various times by MCA thread insertion. The severity of AIS damage was examined by immunofluorescence (IF) staining of the scaffold protein AnkG in three peri-infarct regions: the somatosensory cortex, the hippocampus, and the thalamus ([Figure 1](#fig1){ref-type="fig"}A) ([@bib21]). Compared with the uninjured (contralateral) side of the brain, the intensity and the length of AnkG staining were slightly reduced in the three regions of the injured side (ipsilateral) following 1 h of MCAO. As the occlusion time went longer, more than 50% of AnkG was preserved in the ipsilateral somatosensory cortex (SCC) after 6 h of MCAO, whereas AnkG was retained in the ipsilateral thalamus within 4 h of MCAO but absent at 6 h after the onset of occlusion ([Figures 1](#fig1){ref-type="fig"}B--1D). In contrast, AnkG was undetectable in the ipsilateral hippocampal CA1 region after 2 h of MCAO ([Figures 1](#fig1){ref-type="fig"}B--1D). Analogous results were observed in the hippocampal CA3 and DG regions ([Figure S1](#mmc1){ref-type="supplementary-material"}). We next focused our further mechanical study on the hippocampus. Similar to AnkG, the AIS cytoskeletal protein βIV-spectrin was no longer observed at the AIS of ipsilateral hippocampal CA1 pyramidal cells after 2 h of MCAO ([Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B).Figure 1Ischemic Injury Causes Rapid Disruption of the AIS Cytoskeleton AnkG in the Hippocampus(A) Schematic of the regions (boxes) studied in (B).(B) Representative confocal images of AnkG immunostaining from the box areas (A) of the somatosensory cortex (*top*), the CA1 region (*middle*), and the thalamus (*bottom*) of mice subjected to 1 h, 2 h, 4 h, or 6 h MCAO. Insets are enlarged from the yellow box areas.(C and D) Quantification of the length (C) and the normalized fluorescence intensity (FI) (D) of AnkG immunostaining from the somatosensory cortex (*black*), the CA1 region (*red*), and the thalamus (*blue*) after various MCAO times. The ipsilateral FI was normalized to the contralateral from the same mouse.(E) Representative image of AnkG immunoblot of hippocampal tissue homogenates from mice subjected to various times of MCAO.(F) Quantification of the intensity of AnkG immunoblots after various MCAO times. p values are determined using one-way ANOVA with *post hoc* Bonferroni\'s multiple comparisons test. N represents mouse number. Data are presented as mean ± SEM. IS, ischemic injury; Contra, contralateral; Ipsi, ipsilateral.

To confirm these immunostaining results, we performed immunoblot analyses of hippocampal homogenates from sham or MCAO mice with antibodies against the C-terminal or spectrin-binding domains of AnkG. Immunoblots with both antibodies revealed a significant reduction in the amount of full-length AnkG in the contralateral compared with the ipsilateral after 1 h of MCAO. The full-length AnkG was rarely detected in the ipsilateral hippocampus with antibodies either against the C-terminal domain ([Figures 1](#fig1){ref-type="fig"}E and 1F) or against the spectrin-binding domain of AnkG after 2 h of MCAO ([Figures S2](#mmc1){ref-type="supplementary-material"}C and S2D). Notably, no breakdown products of AnkG were detected in ipsilateral hippocampi after injury. Disruption of AnkG was not a consequence of cell death because we only observed a few TUNEL-positive cells in the hippocampus at this time point ([Figure S1](#mmc1){ref-type="supplementary-material"}), consistent with the notion that cell death and AIS disruption are two independent events ([@bib25]). Collectively, these results suggest that the hippocampal AIS cytoskeleton is preferentially susceptible to injury.

Sodium Channels at the AIS Are Resistant to Injury-Induced Disruption {#sec2.2}
---------------------------------------------------------------------

AnkG is required for assembly of Na~v~ channel clustering at the AIS where action potentials are initiated ([@bib11], [@bib15], [@bib16], [@bib35]). To examine whether AnkG disruption led to disassembly of Na~v~, we performed IF staining of a Na~v~ subtype Na~v~1.6 that is predominantly expressed in the hippocampal AIS. Unlike AnkG, the intensity and length of Na~v~1.6 at the AIS were not significantly reduced following 2 h of MCAO ([Figures 2](#fig2){ref-type="fig"}A--2C), but only the intensity was decreased by ∼26% at the 4-h time point ([Figure 2](#fig2){ref-type="fig"}C). Analogous results were observed for another AIS voltage-gated ion channel K~v~7.2 ([Figures S3](#mmc1){ref-type="supplementary-material"}A and S3B). To further examine whether nanoscale organizations of the AIS cytoskeleton and anchored ion channels were altered after injury, we performed super-resolution simulated emission depleted (STED) imaging to analyze the distribution of βIV-spectrin and Na~v~1.6 at the AIS. We found that Na~v~1.6 and βIV-spectrin showed periodic arrangements in the ipsilateral AIS comparable to the contralateral after 1 h of MCAO ([Figures 2](#fig2){ref-type="fig"}D and [S3](#mmc1){ref-type="supplementary-material"}C). The periodic pattern of Na~v~1.6 was slightly altered after 2 h of MCAO when the AIS cytoskeleton was depleted ([Figure 2](#fig2){ref-type="fig"}D).Figure 2Na~v~1.6 Largely Preserves at the AIS after Injury(A) Representative confocal images of Na~v~1.6 immunostaining in the CA1 regions from mice subjected to 1 h, 2 h, or 4 h of MCAO.(B and C) Quantification of the length (B) and the normalized FI (C) of Na~v~1.6 immunostaining from the CA1 pyramidal neurons after various times of MCAO.(D) Super-resolution STED images of Na~v~1.6 immunostaining show periodic distribution at the AIS of hippocampal CA1 pyramidal neurons after 1 h or 2 h of MCAO. Boxes indicate analyzed areas showed below.(E) Representative image of Na~v~1.6 immunoblot of hippocampal tissue homogenates from mice subjected to various times of MCAO. Arrow heads indicate fragments of small molecular size 110 kD and 95 kD that are proteolyzed from the full length of Na~v~1.6.(F) Quantification of the intensity of 250 kD Na~v~1.6 immunoblots after various MCAO times. The ipsilateral F.I. was normalized to the contralateral from the same mouse. p values in (C) and (F) are determined using one-way ANOVA with *post hoc* Bonferroni\'s multiple comparisons test. N represents mouse number. Data are presented as mean ± SEM.

Previous studies showed that Na~v~ was subject to proteolysis after injury ([@bib8], [@bib25], [@bib30]). To examine the possibility that Na~v~1.6 might be broken down into fragments after injury, we performed immunoblot analyses of hippocampal homogenates with antibodies against Na~v~1.6. In the ipsilateral hippocampus, we identified low-molecular-weight fragments with ∼82 kD and ∼90 kD from Na~v~1.6. These bands showed up at the 1-h time point, and their density was increased as the MCAO time prolonged ([Figure 2](#fig2){ref-type="fig"}E). Compared with AnkG disruption, quantitative immunoblot analyses showed ∼80% retention of the full-length Na~v~1.6 at 2-h MCAO time point and then reduced to ∼70% at 4 h ([Figure 2](#fig2){ref-type="fig"}F). Together, these results suggest that Na~v~1.6 is resistant to injury-induced decline.

AP Generation Is Impaired after Injury {#sec2.3}
--------------------------------------

Could preserved Na~v~1.6 at the AIS generate APs in response to membrane depolarization? To address this question, we performed whole-cell electrophysiological recordings of APs on the CA1 pyramidal neurons of the contralateral and ipsilateral hippocampi following MCAO ([Figure 3](#fig3){ref-type="fig"}A). In contrast to the contralateral, we found a more positive AP threshold and a significant reduction in AP amplitude in the ipsilateral CA1 pyramidal cells after 1 h of MCAO ([Figures 3](#fig3){ref-type="fig"}B--3F), suggesting that functional alterations were prior to structural changes.Figure 3Ischemic Injury Impairs Action Potential Generation(A) Representative DIC and confocal images of a recorded hippocampal CA1 pyramidal neuron filled with Alexa 546 and neurobiotin. Arrow head indicates the AIS of the recorded neuron.(B) Sample traces of changes in membrane voltages in response to a series of step currents in 20 pA increments from +30 pA to +190 pA in CA1 pyramidal neurons from the contralateral (*left*) and ipsilateral (*right*) hippocampi following 1 h of MCAO. Highlights show the traces containing the first AP initiated in the recorded neurons.(C) Sample traces of the first APs were overlapped from the ipsilateral and contralateral CA1 pyramidal neurons.(D) Phase-plane plots of membrane voltage vs its change rate in response to current injection in (C). The dash line indicates the change rate of 10 mV/ms. Arrows indicate AP thresholds.(E and F) Summary of AP threshold and amplitude in the recorded neurons from the ipsilateral and contralateral hippocampal CA1 pyramidal neurons following 1 h of MCAO.p values in (E) and (F) are determined between ipsilateral and contralateral sides using unpaired t-test. N represents neuron number recorded. Data are presented as mean ± SEM.

Under physiological conditions, AP propagation along the axon is required for spontaneous synaptic transmission among neurons. To examine whether impairment of AP generation could affect synaptic transmission, we performed whole-cell recordings of AP-dependent spontaneous postsynaptic currents (sPSCs) and AP-independent miniature PSCs (mPSCs) in hippocampal CA1 pyramidal neurons after injury. As we expected, sPSC frequency, but not amplitude, was significantly reduced ([Figures 4](#fig4){ref-type="fig"}A--4C), whereas neither the frequency nor the amplitude of mPSCs were altered after injury ([Figures 4](#fig4){ref-type="fig"}D--4F). These results together suggest that impairment of AP generation results in diminished synaptic transmission.Figure 4Ischemic Injury Impairs Action Potential-Dependent Synaptic Transmission(A) Sample traces of spontaneous postsynaptic currents (sPSCs) recorded in the CA1 pyramidal neurons with perfusion of physiological ACSF.(B and C) Summary of sPSC amplitude (B) and frequency (C) in the recorded CA1 pyramidal neurons from the ipsilateral and contralateral hippocampi.(D) Sample traces of miniature postsynaptic currents (mPSCs) recorded in CA1 pyramidal neurons after perfusion of physiological ACSF containing TTX (1 μm).(E and F) Summary of mPSC amplitude (E) and frequency (F) in the recorded CA1 pyramidal neurons from the ipsilateral and contralateral hippocampi. p value in (C) is determined between ipsilateral and contralateral sides using unpaired t-test. N represents neuron number recorded. Data are presented as mean ± SEM.

Neurofascin Is Required for Clustering Sodium Channels at the AIS after Injury {#sec2.4}
------------------------------------------------------------------------------

Several lines of evidence showed that Nfasc plays an important role in maintenance of sodium channel clustering at the AIS by way of association with the extracellular matrix ([@bib11], [@bib36]). To test whether Na~v~1.6 was anchored at the AIS by Nfasc after disruption of the AIS cytoskeleton, we carried out a series of experiments to demonstrate the expression of Nfasc at the AIS after injury. Nfasc remained unchanged and colocalization with Na~v~1.6 at the AIS after 2 h of MCAO ([Figures 5](#fig5){ref-type="fig"}A and 5B). Moreover, western blotting showed no difference between the ipsilateral and contralateral hippocampi after 4 h of MCAO ([Figures 5](#fig5){ref-type="fig"}C and 5D), suggesting that Nfasc is quite resistant to injury-induced decline. These results raise a question as to whether knockdown of Nfasc would cause rapid Na~v~1.6 disruption following MCAO.Figure 5Nfasc Is Required for Na~v~1.6 Clustering at the AIS after Ischemic Injury(A) Representative confocal images of Nfasc (*green*) and Na~v~1.6 (*red*) immunostaining in the hippocampal CA1 regions of mice subjected to 2 h of MCAO.(B) Quantification of the normalized F.I. of Nfasc immunostaining in (A).(C and D) Representative images (C) and quantification (D) of NF-186 immunoblot of hippocampal homogenates from mice subjected to sham or various times of MCAO.(E--G) Representative confocal images (E and F) and quantification (G) of the normalized F.I. of Na~v~1.6 (*magenta*) immunostaining in the presence or absence of NF-186 in hippocampal pyramidal neurons after 2 h of MCAO. Scrambled or NF-186 sgRNA AAVs were delivered into the hippocampus of Emx1-Cre-dependent Cas9 expressing mice seven weeks before MCAO surgery. The scrambled sgRNA serves as a control. The ipsilateral F.I. was normalized to the contralateral from the same mouse. Note that Na~v~1.6 staining is not present at the AIS (Arrow heads) of a neuron expressing Cas9 (*green*) and NF-186 sgRNA (*red*). Boxes are enlarged in the right panels. p values in (F) are determined using one-way ANOVA with *post hoc* Bonferroni\'s multiple comparisons test. N indicates the number of mice. Data are presented as mean ± SEM.

To address this question, we took advantage of the Cre-dependent Cas9 knock-in mice to knockdown NF-186 that is predominantly expressed at the AIS. We first generated a mouse line with specific expression of Cas9 in the excitatory neurons by crossing the Cre-dependent Cas9 mouse to an Emx1-Cre driver. NF-186 sgRNA-3 that showed high efficacy of cleavage in cultured cells was selected to be constructed into the vector of adeno-associated virus (AAV)-U6-sgRNA-IRES-mCherry ([Figure S4](#mmc1){ref-type="supplementary-material"}A). Next, the chimeric AAV1/2 viruses expressing sgRNA-3 were delivered via stereotactic injection into the hippocampal CA1 region of the Emx1-Cre/Cas9 mice. Seven weeks after injection, we found that the majority of NF-186 were ablated in infected neurons with sgRNA-3 AAVs ([Figures S4](#mmc1){ref-type="supplementary-material"}B and S4C), which had no effect on AnkG expression at the AIS ([Figure S4](#mmc1){ref-type="supplementary-material"}D). In contrast to scrambled AAVs and uninfected neurons in the same mice, Na~v~1.6 was little detectable in the infected neurons with sgRNA-3 AAVs after 2 h of MCAO ([Figures 5](#fig5){ref-type="fig"}E--5G), suggesting that Nfasc is required for clustering Na~v~1.6 at the AIS following ischemic injury.

Next we examined whether Nfasc anchored Na~v~1.6 by association with the EMC after injury. Chondroitinase ABC (ChABC) that is capable of digesting the essential EMC component, the chondroitin sulfate glycosaminoglycans (CS-GAGs), was applied into the hippocampal CA1 72 h before MCAO surgery ([Figures S5](#mmc1){ref-type="supplementary-material"}A--S5C). We found that ChABC treatment had no effect on the clustering of Nav1.6 and Nfasc at the AIS in the absence of MCAO ([Figures S5](#mmc1){ref-type="supplementary-material"}D--S5F) but caused a rapid disruption of Na~v~1.6 following 2 h of MCAO ([Figure S5](#mmc1){ref-type="supplementary-material"}G), demonstrating that Nfasc together with the EMC clustered Na~v~1.6.

FK506 Fully Prevents Injury-Induced AIS Disruption {#sec2.5}
--------------------------------------------------

Calcineurin signaling was previously reported to play important roles in neuronal death induced by ischemic injury and in activity-dependent AIS plasticity ([@bib10], [@bib27], [@bib28]). To examine whether MCAO induced elevated calcineurin activation, which can cause NFAT to translocate into the nucleus, AAVs expressing fused NFAT-EGFP were injected into the hippocampus seven days prior to MCAO surgery. We found that the majority of NFAT-EGFP were located in the nucleus of the ipsilateral neurons compared with the cytosol of the contralateral neurons after 2 h of MCAO ([Figures 6](#fig6){ref-type="fig"}A and 6B). As disruption of the AIS cytoskeleton is an early response to injury independent of cell death, we asked whether inhibition of calcineurin with FK506 could prevent AIS disruption as well. To test this hypothesis, we subjected mice to MCAO surgery immediately followed by intravenous injection of FK506 at two different concentrations. After 2 h of MCAO, we found little AnkG preserved at the injured AIS following treatment with 0.5 mg/kg FK506. In contrast, administration of a higher concentration of FK506 (2.5 mg/kg) completely retained AnkG at the AIS ([Figures 6](#fig6){ref-type="fig"}C and 6D). We also compared FK506 with another calcineurin inhibitor (Cyclosporin A, CsA) and a calpain inhibitor (MDL 28170) for AIS protection. Although administration of CsA (20 mg/kg) retained the majority of AnkG ([Figure S6](#mmc1){ref-type="supplementary-material"}), treatment with MDL 28170 (60 mg/kg) preserved only 20% of AnkG at the injured AIS ([Figure S7](#mmc1){ref-type="supplementary-material"}), consistent with a previous study showing a partial protection of calpain inhibition against AIS disruption after injury ([@bib25]). Treatment with an Hsp90 inhibitor 17-AAG (25 mg/kg) had no effect on injury-induced disruption of AnkG ([Figures S8](#mmc1){ref-type="supplementary-material"}A and S8B), ruling out the possibility that FK506 and CsA acted through inhibiting the Hsp90 stress response pathway ([@bib20]). Moreover, injury-induced NFAT-EGFP nuclear translocation was blocked by FK506 and CsA ([Figures 6](#fig6){ref-type="fig"}A and 6B). These results together suggest that inhibition of calcineurin with FK506 is sufficient to fully protect the AIS cytoskeleton from ischemic injury.Figure 6FK506 Completely Protects the AIS Cytoskeleton and Function after Injury(A and B) Representative confocal images (A) and quantification (B) show translocation of NFAT-GFP into the nucleus following injury; but this is blocked by 2.5 mg/kg FK506 or 20 mg/kg CsA. Insets are enlarged from the boxes. The ipsilateral F.I. ratio of the nuclear NFAT-EGFP to the cytosol is normalized to that of the contralateral from the same mouse.(C) Representative confocal images of AnkG immunostaining of the CA1 regions from MCAO mice treated with vehicle (Veh), 0.5 mg/kg FK506 or 2.5 mg/kg FK506.(D) Quantification of AnkG intensity normalized to the corresponding contralateral for different treatments.(E--H) The overlap of sample traces (E), phase-plane plots (F), and summary of the threshold (G) and amplitude (H) of the first APs recorded from the ipsilateral and contralateral hippocampal CA1 pyramidal neurons of 2.5 mg/kg FK506 treatment.(I--K) Sample traces (I) and summary of sPSC amplitude (J) and frequency (K) recorded from CA1 pyramidal neurons of 2.5 mg/kg FK506 treatment. p values in (B) are determined using one-way ANOVA with *post hoc* Bonferroni\'s multiple comparisons test. N in (B and D) denotes the number of mice and N in (F and G) indicates neuron number recorded. Data are presented as mean ± SEM.

Next we further examined the function of preserved AIS cytoskeleton by FK506 using whole-cell electrophysiological recordings of hippocampal CA1 pyramidal cells. We found no significant difference in AP amplitude and threshold between the ipsilateral and contralateral hippocampi of FK506-treated MCAO mice ([Figures 6](#fig6){ref-type="fig"}E--6H). Likewise, sPSC frequency was no longer changed following MCAO in FK506-treated mice ([Figures 6](#fig6){ref-type="fig"}I--6K).

To address whether protection at the cellular level led to recovery of cognitive function, we subjected the MCAO-, sham-, and FK506-treatment mice to the hidden-platform version of Morris watermaze task with spatial cues ([@bib18]) and new object recognition tasks for examining spatial and non-spatial memory, respectively. We chose the paradigm of 30-min transient MCAO (*t*MCAO) followed by re-perfusion because this mimicked 2 h of MCAO showing AnkG disruption but Na~v~1.6 and Nfasc preservation at the AIS ([Figures 7](#fig7){ref-type="fig"}A, [S9](#mmc1){ref-type="supplementary-material"}A, and S9B). During the consecutive five-day training, the latencies for revealing the hidden platform were gradually decreased for both sham and MCAO mice, whereas the sham group achieved a significant shorter latency from the training day 2 compared with the MCAO mice ([Figure 7](#fig7){ref-type="fig"}B). For the probing task conducted on day 6, the sham group spent significantly more time in the target quadrant than the MCAO group who displayed no preference for the four quadrants ([Figure 7](#fig7){ref-type="fig"}C), and the sham group had more platform crossings than the MCAO group ([Figures 7](#fig7){ref-type="fig"}D and [S9](#mmc1){ref-type="supplementary-material"}C), suggesting that the hippocampal-dependent spatial learning and memory is impaired after ischemic injury. These differences between the sham and MCAO groups were not due to changes in the swimming speed ([Figures S9](#mmc1){ref-type="supplementary-material"}D and S9E). Mostly importantly, we found time spent in the target quadrant and platform crossings for FK506-treated MCAO mice similar to that of the sham group in the Morris watermaze task ([Figures 7](#fig7){ref-type="fig"}C, 7D, and [S9](#mmc1){ref-type="supplementary-material"}C), indicating that spatial learning and memory of MCAO mice is fully protected by FK506.Figure 7FK506 Fully Protects Hippocampal-Dependent Spatial Learning and Memory after Injury(A) Schematic of the experimental paradigm of mice subjected to transient MCAO (*t*MCAO, 30 min of MCAO followed by reperfusion of four days) for behavioral tests.(B--D) Behavioral test of standard hidden platform watermaze tasks for three groups of mice: sham + Veh, *t*MCAO + Veh, and *t*MCAO + FK506 (2.5 mg/kg). (B) Quantification of the latency to reach the platform for three groups of mice during the training days. The latency for the group of *t*MCAO + Veh is significant longer than those of the two groups of sham + Veh and *t*MCAO + FK506, but there are only significant differences in latency between sham + Veh and *t*MCAO + FK506 at day 2 (p = 0.007) and day 3 (p = 0.009). (C and D) Quantification of time spent in the quadrant areas of the maze (C) and the number of platform crossings (D) for three groups of mice in the probing test day (day 6). Time spent in TA and the number of platform crossings for the group of *t*MCAO + Veh are significantly reduced than those of the two groups of sham + Veh and *t*MCAO + FK506, but there is no difference between sham + Veh and *t*MCAO + FK506.(E and F) Quantification of time spent on two identical objects during training (E) and on the familiar object and novel object during test (F) for three groups. Time spent on the novel object is significantly longer than that of the familiar object, but there is no difference in time spent on the novel object between three groups. TA, target quadrant; AL, adjacent left quadrant; AR, adjacent right quadrant, and OP, opposite quadrant. p values in (B and C) and in (D) are determined using two-way and one-way ANOVA with *post hoc* Bonferroni\'s multiple comparisons test, respectively. p values (gray) indicate significance between *t*MCAO + FK506 and *t*MCAO + Veh. p values (black) indicate significance between *t*MCAO + Veh and sham + Veh. N denotes the number of mice studied. Data are presented as means ± SEM.

Next, we subjected mice to new object recognition task for testing non-spatial memory. Generally, the new object recognition task mostly represents functions of the perirhinal and prefrontal cortex ([@bib1], [@bib3], [@bib32]), although it is yet under debate ([@bib7]). After a short-term recognition for getting familiar with two objects, the sham-, MCAO-, and FK506-treatment groups showed no difference for the time spent on the new or familiar objects ([Figure 7](#fig7){ref-type="fig"}E). Three groups preferred to explore the novel object compared with the familiar one ([Figure 7](#fig7){ref-type="fig"}F), suggesting that non-spatial memory is not impaired after ischemic injury.

Taken together, these results suggest that inhibition of calcineurin with FK506 fully protect not only the cytoskeletal structure but also AIS function and spatial learning and memory following ischemic injury.

Discussion {#sec3}
==========

The AIS cytoskeleton rapidly and irreversibly disassembles in response to injury. Given that the AIS plays a pivotal role in synaptic transmission by generating APs, disruption of the AIS cytoskeleton could lead to many neurological disorders associated with damaged brain regions. By comparing the peri-infarct regions, we found that the AIS cytoskeleton was more rapidly disrupted in the hippocampus than the striatum and somatosensory cortex, consistent with previous findings demonstrating that neuronal degeneration selectively occurred in the hippocampus and that hippocampal-dependent spatial memory tended to be impaired after injury in animal models and human patients ([@bib5], [@bib22], [@bib26]).

Na~v~Channels Are Resistant to Injury-Induced Decline at the AIS {#sec3.1}
----------------------------------------------------------------

AnkG is crucial for AIS assembly during development, and either genetic ablation or silence of AnkG expression by shRNA failed to recruit Na~v~ channels, NF-186, NrCAM, and βIV-spectrin into the AIS ([@bib11], [@bib14], [@bib15], [@bib35]). A previous study reported that Na~v~1.6 and AnkG were concurrently disrupted in the infarct core area of the cortex in a focal ischemia/reperfusion (I/R, 90 min of MCAO followed by reperfusion) ([@bib25]). To examine the stability of Na~v~, we prolonged MCAO up to 6 h and examined an alteration in Na~v~1.6 density in the peri-infarct hippocampus. In contrast to complete AnkG disruption after 2 h of MCAO, we found that the majority of Na~v~1.6 preserved at the AIS till 6 h of MCAO.

Na~v~1.6 is mainly distributed in the distal AIS and responsible for AP generation due to its activation at a low threshold ([@bib13]). AP generation is impaired in the CA1 pyramidal neurons, whereas Na~v~1.6 density is not altered at the time point of 1 h of MCAO. Because breakdown fragments of Na~v~1.6 were observed at this time point, a small amount of Na~v~1.6 proteolysis might be enough to impair AIS function but did not influence the intensity. But we cannot rule out other possibilities that (1) the density of other Na~v~ channels such as Na~v~1.2 that is predominantly located in the proximal AIS was reduced after injury; and (2) Na~v~ phosphorylation was increased after injury. In support of this, p38-mitogen-activated protein kinases (MAPKs) has been reported to be activated in the brain following ischemic injury ([@bib2], [@bib4], [@bib29]), and p38 activation then phosphorylates Na~v~1.6 serine 553, which can result in a reduction of Na~v~1.6 current density ([@bib33]).

Given that the majority of Na~v~1.6 preserved in the hippocampal AIS after disruption of the cytoskeleton in response to injury, we examined the hippocampal-dependent spatial learning and memory and the perirhinal cortex-involved non-spatial memory in a mouse model of I/R injury (30 min of MCAO followed by reperfusion), which have mostly mimicked the condition of 2 h of MCAO in terms of AnkG disruption and retentions of Na~v~1.6 and Nfasc. We found that ischemic injury caused severe impairment of spatial memory rather than non-spatial memory, implicating that the hippocampus is more likely damaged than the perirhinal cortex.

Nfasc Is Required for Na~v~Channel Maintenance at the AIS after Injury {#sec3.2}
----------------------------------------------------------------------

Unlike AnkG, Nfasc is not required for AIS assembly but might stabilize the AIS ion channels by interacting with both AnkG and brevican-based ECM ([@bib11]). Consistent with this idea, our results demonstrate that Nfasc and the vast majority of Na~v~1.6 preserve at the AIS in the absence of AnkG following a prolonged ischemic injury. Knockout of Nfasc in Cre-dependent cas9 knock-in mice and destruction of the chondroitin sulfate proteoglycans (CSPGs) with ChABC abolish Na~v~1.6 clustering at the AIS after injury, suggesting that Nfasc contributes to maintenance of Na~v~1.6 after injury. Because the current model of the AIS architecture shows that Nfasc does not directly interact with the pore-forming α subunits of Na~v~1.6 at the AIS domain, how Nfasc stabilizes Na~v~1.6 in the absence of AnkG after injury needs further investigations.

Previous studies have reported that a regulatory subunit Na~v~β1 directly interacts with NF-186 and NrCAM ([@bib17]), and Navβ4 associates with Na~v~α via a covalent disulfide at the AIS ([@bib6]). Therefore, we speculate that the β subunit may serve as a linker between Nfasc and Na~v~1.6 α subunits although other possibilities cannot be ruled out. For instance, some unidentified anchoring molecules that directly interact with both Nfasc and Na~v~α can cluster Na~v~1.6 at the AIS. Or under pathophysiological conditions Nfasc directly binds to the Na~v~1.6 α subunits in the absence of AnkG. At least, a previous study showed that an Nfasc-binding protein brevican was upregulated in the optic nerve following ischemia ([@bib24]). Further experiments are needed to address these questions.

Potential Mechanisms Underlying AIS Protection by FK506 after Injury {#sec3.3}
--------------------------------------------------------------------

Given that the majority of Na~v~1.6 preserved in the hippocampal AIS after disruption of the cytoskeleton in response to injury, we examined the hippocampal-dependent spatial learning and memory and the perirhinal cortex-involved non-spatial memory in a mouse model of I/R injury (30 min of MCAO followed by reperfusion), which have mostly mimicked the condition of 2 h of MCAO in terms of AnkG disruption and retentions of Na~v~1.6 and Nfasc. We found that ischemic injury caused severe impairment of spatial memory rather than non-spatial memory, implicating that the hippocampus is more likely damaged than the perirhinal cortex. Treatment with a calcineurin inhibitor FK506 completely prevented injury-induced disruption of the AIS cytoskeleton, AIS function, and spatial memory impairments. Calpain has been previously reported to partially proteolyze the AIS cytoskeletal proteins following ischemic injury, raising the possibility that in addition to calpain other proteases are involved in the breakdown of the cytoskeleton protein. How calcineurin works in concert with calpain or other proteases remains an open question.

How does injury cause a cytosolic Ca^2+^ surge to activate calcineurin? Blockade of NMDA receptors is previously reported to have no effect on disruption of the AIS cytoskeleton after injury. In this study, we found that blockade of L-type voltage-gated calcium channels (VGCCs) prevents disruption of the AIS cytoskeleton after injury ([Figure S8](#mmc1){ref-type="supplementary-material"}C), suggesting that Ca^2+^ influx through VGCCs activated calcineurin to trigger injury-dependent AIS disruption. This is consistent with previous studies demonstrating that blockade of the L-type VGCC prevents calcineurin-mediated activity-dependent AIS plasticity and activation of the caspase apoptotic cascade ([@bib10], [@bib28]). However, inhibition of purinergic P2X7 receptors had no effect on AIS disruption induced by 2 h of MCAO ([Figure S8](#mmc1){ref-type="supplementary-material"}C), which is inconsistent with a previous report showing that inhibition of P2X7 receptors could prevent AIS disruption in a rat model of ischemia/reperfusion (I/R, 90 min of MCAO followed by reperfusion) ([@bib9]). This discrepancy may be due to different animal species, ischemic time, and/or injury models as well as different treatment types. In contrast to our study that drugs were applied immediately following surgery, P2X7 receptor inhibitors were administered 3 h after injury in the previous study.

In conclusion, we have shown that calcineurin signaling regulates disruption of the AIS cytoskeletal protein after injury. Owing to protection of cell survival and AIS integrity, calcineurin inhibitors might be potential therapeutic drugs for treating ischemic patients.

Limitations of the Study {#sec3.4}
------------------------

One caveat of this study is that sPSCs recorded from CA1 pyramidal cells demonstrate AIS function of the presynaptic neurons rather than postsynaptic CA1 pyramidal cells. Moreover, given that genetic knockout of calcineurin in the forebrain has been shown to impair synaptic plasticity and working memory associated with the hippocampus ([@bib34]), maintaining certain level of calcineurin activity is crucial for normal brain function. Thus future work focuses on whether partial and transient inhibition of calcineurin would be better suited to be a therapeutic treatment and for determining the optimal window for calcineurin inhibitors applied into ischemia patients.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Supplemental Information {#appsec2}
========================

Document S1. Transparent Methods, Figures S1--S9, and Table S1
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